.
METHODS

Subjects Controls:
Twenty-eight subjects, in good health with no history of neurological disorders, volunteered to serve as controls; a financial reward was given. The ages of the subjects, 14 of whom were male, ranged from 19 to 58 years. Informed consent for the procedure was obtained from each of the subjects and the study had the approval of the Ethics Committee at McMaster University.
Myopathy:
Fifteen patients with muscular dystrophy, 8 of whom were male, were examined; their ages ranged from 21 to 58 years. Ten patients had limb-girdle muscular dystrophy, three had myotonic dystrophy, and the remaining two patients had Duchenne muscular dystrophy. Another patient, a woman of 60, had a one-year history of p o l y m y o s i t i s a s s o c i a t e d with scleroderma.
Neuropathy:
Twenty-six patients, 16 of whom were male, had denervating disorders. Three of the subjects were selected solely on account of their ages. Aged 65, 68, and 70, respectively, they would have been susceptible to the neuropathic changes which are known to accompany ageing (Campbell, McComas and Petito, 1973) . The remaining 23 subjects were all patients aged between 22 and 60 years. The diagnosis was motoneuron disease in 9 patients and spinal muscular atrophy in 3. Two patients had chronic idiopathic peripheral neuropathies while the remaining 9 patients had clinical evidence of lumbosacral and/or cervical root compression with probable involvement of the L4 and the C5 and C6 roots, respectively. All patients, myopathic and neuropathic, had been referred for electromyography by another physician.
ELECTROMYOGRAPHY
With the subject lying supine upon a couch, the vastus medialis and biceps brachii muscles were investigated using a coaxial electrode (Disa type 9013L0501). By altering the axis of the needle (the tip lying subcutaneously), it was possible to make a number of tracks into a muscle belly through one or two skin punctures. A superficial and a deep recording were made in each track, thereby enabling 8 -10 sites to be studied in each muscle; the sites were separated from each other by at least 1 cm. The position of the needle was adjusted only if it was not possible to detect sharply-rising potentials on a cathode ray oscilloscope during weak voluntary contraction.
The biceps was examined at, or just distal to, its region of maximal convexity; the vastus was explored in the middle third of its long axis. The knee was kept fully extended throughout the analysis of vastus activity; for maximal effort the subject was instructed either to 'tighten the knee' or to 'press the knee into the couch'. Single motor unit discharges in the biceps were examined with the elbow completely extended; the maximal interference pattern was obtained with the elbow flexed to 90° and the forearm supinated, the observer providing resistance to further flexion.
The muscle action potentials were fed through a pre-amplifier with a flat frequency response between 3 Hz and 10 kHz and thence into the ANOPS-101 computer; at the same time the potentials were inspected on a cathode ray oscilloscope (Hewlett-Packard, model 14IB). The output from the ANOPS computer was entered into a desk top calculator (Hewlett-Packard 9810A) which was used to determine the means and standard deviations of each of the muscle action potential parameters (see below). At the same time the histographic display provided by ANOPS-101 was drawn out by an X-Y plotter (Hewlett-Packard type 9862A).
DETERMINATION OF MUSCLE ACTION POTENTIAL PARAMETERS
Duration:
One hundred and twenty-eight potentials were analysed in each of eight sites in the muscle belly, yielding 
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Electroinyogram A utomated A nalysis a total of 1,024 potentials. At each site the potentials were generated by 2-4 motor units firing repeatedly during weak voluntary contraction. At a gain of 5,000x a potential was accepted for measurement only if its amplitude was greater than 100 nV ('decision' level); the duration was measured only for that part of the potential which exceeded 20 MV ('detection' level; see Fig.  1 of Kopec and HausmanowaPetrusewicz, 1976) . If unusually small potentials predominated as a result of disease, the amplification was doubled; the detection and decision levels were then 50 MV and 10 fiV respectively, while phases greater than 20 jiV were measured (see below). The durations were measured with an accuracy of 0.5 ms irrespective of the gain setting.
Phases:
The same 1,024 potentials (above) were simultaneously examined for complexity. A phase was recognized and counted each time a potential changed its polarity by more than 40 MV.
Interference pattern:
Using a pre-amplifier gain of l,000x, recordings were made of EMG activity during maximal voluntary contraction at four sites in the muscle belly; 256 potentials were sampled at each site. The density of the interference pattern was measured, with an accuracy of 0.5 ms, in terms of the intervals between successive negative potentials. The differences in potential between successive positive and negative peaks were used in the estimation of the amplitude of the interference pattern. At a gain of l,000x the decision level was 50 jiV.
The present examination of the interference pattern differs in two respects from the turns analysis system developed by Willison (Willison, 1964; Rose and Willison, 1967) . First, the ANOPS instrument will measure half as many turns since it selects intervals between successive negative peaks only, as opposed to the succeeding negative and positive reversals used in Willison's system. Secondly, we have chosen 50»iV rather than IOOMV as the decision level for measurement of the amplitude of a deflection (turn). In many cases, however, supplementary analyses were performed at other amplifications. Thus, when the interference pattern was composed entirely of small potentials, as in some patients with myopathy, a preamplifier gain of 5,000x was employed, the accuracy of measurement then rising to 10MV.
RESULTS
Control Observations
The mean values for the four muscle action potential parameters are given in Tables 1 and 2 for the pooled population of control muscles. By comparing the standard deviations with the corresponding means, it can be seen that VM showed more variation than BB in relation to measurements of potential durations and of intervals. When patients were examined (see below), this difference between the two muscles may have been partly responsible for the higher incidence of abnormalities detected in BB muscles compared with VM.
In VM muscles of controls, the mean MAP (muscle action potential) durations ranged from 5.4 to 11.2 ms, the overall mean being 8.60 ± 1.48 ms. For BB, the range was smaller, from 5.6 to 9.0 ms, and the mean value of 7.42 ± 0.92 ms was significantly less than the value for VM (P = < .005). Obviously, had it been possible to compute the gross means from the total number of potentials examined in the control population (44,032 potentials from 43 muscles) rather than from the mean for each patient, the level of statistical significance would have been extremely high.
As would be expected on the basis of the simple di-or tri-phasic potential configurations observed on the cathode ray oscilloscope, the mean numbers of phases in the control population of MAPs lay between 2 and 3, being 2.59 for BB and 2.78 for VM. In seven of the 43 muscles, the mean value exceeded 3.0, the largest value being 3.97 for the VM of a 26 year old woman.
The densities of the interference patterns were similar in BB and VM, the respective mean intervals being 4.50 Table 2 . Biceps brachii. Mean MAP parameters (± SD) for controls and patients with myopathies or denervation; significant differences between control and patient means are indicated by probability values below each value. Numbers of patients examined are given in parentheses after each diagnostic category at left. and 4.96 ms; neither this difference nor that between the mean amplitudes was significant. The analysis of the data included the calculation of the coefficient of variation (i.e. standard deviation -r mean) for each of the four parameters in all the individuals studied. This analysis was performed in order to detect any muscle in which excessively high incidences of large and small potentials had combined to yield normal mean values. In practice it was found that for each of the parameters there was an approximately linear relationship between the mean and its standard deviation. This relationship was true for the control population and also for most of the muscles of the patients; only one of the 73 muscles in patients would have been recognized as abnormal, using a high coefficient of variation as the sole criterion.
VASTUS MEDIALIS
MYOPATHIES
The durations of the muscle action potentials tended to be shorter in patients with myopathies. This trend was true both for VM and BB and for patients with the limb-girdle, myotonic and Duchenne forms of dystrophy. In BB, the incidence of abnormally short potentials was found to be the same whether comparison was made with the lower limit of the observed range of normal results or with a value 2 SD below the control mean. In VM, and for some of the other MAP parameters in both muscles, there were small differences in the incidence of abnormality, depending on which criterion of normality was used (Table 3) . We have preferred to use 2 SD above and below the mean as a reference in all subsequent discussion, with the assumption that these limits will include 95% of the measurements in normal subjects. Of the 29 VM and BB muscles examined, the mean durations fell more than 2 SD below the respective control mean in 15 ( Figs. 1 and 2 ).. The shortest mean duration, 2.79 ms, was found for the VM muscle of a 40 year old man with limbgirdle muscular dystrophy. As a result of this trend, the gross mean durations for the myopathic VM and BB muscles were significantly less than those of the respective controls (Tables  1 and 2 ). Significant differences could also be demonstrated for the measurements of amplitude; of the 29 dystrophic BB and VM muscles examined, abnormally small mean amplitudes were found in 18. Although the number of observations is small, it would appear that BB potentials were particularly susceptible to diminution in limbgirdle dystrophy. The smallest mean amplitudes in the present series were found in the two patients with Duchenne muscular dystrophy ( Figs. 1  and 2) .
In contrast to the measurements of duration and amplitude, the estimations of complexity of the potentials (i.e. polyphasicity) were less consistent in the myopathies. Of the 16 BB muscles examined, excessive values were obtained in 3 while in 4 muscles the values were abnormally short. This last type of result was attributable to the high incidence of small brief potentials which were analysed as being monophasic, since there were no secondary components sufficiently large to reach the threshold for phase detection even when relatively high amplification was used (see Methods). In contrast to the findings for BB, the mean numbers of phases were within the normal range for all but one of the VM muscles examined in the myopathic patients.
The estimations of interference pattern density were significantly diminished in some of the BB muscles, since in 5 of the 16 muscles the mean interval exceeded the upper limit of the control range; two of the 13 myopathic VM muscles exhibited similar behavior. Neither in the BB or the VM muscles, however, did the mean value for the pooled results differ significantly from normal. Unusually short mean intervals were not encountered in any of the 29 VM and BB muscles examined.
When the pooled data for the group of patients with limbgirdle dystrophy were examined apart from the remainder, the overall mean durations were significantly reduced both in BB and VM, while the mean amplitude was diminished in BB only. In neither muscle did the mean interval or mean number of phases differ significantly from the respective control means (Tables 1 and 2 ). NEUROPATHIES Twenty-six patients with denervation had quantitative EMG analyses performed on VM and BB muscles.
278-AUGUST 1978
Electromyogram Automated A nalysis Table 3 . Percentage abnormalities in terms of control ranges (R) or control means ± 2SD. Higher incidence of abnormalities in biceps brachii relative to vastus medialis is significant both for patients with myopathies (P = .01; x 2 = 6.50) and for those with neuropathies (P = .001; x 2 = 10.83). The two columns at the right give cumulative incidences of abnormal muscles using all four parameters.
Despite definite clinical evidence of denervation, the EMG findings were commonly within the normal ranges ( Figs. 1 and 2) . Thus, whereas the mean durations were prolonged in 12 of 23 BB muscles, none of the 21 VM muscles yielded an abnormal result. Within the same samples, excessive mean numbers of phases were found in 9 BB muscles but in only one VM muscle; interference patterns were reduced in 4 BB muscles and in 4 VM muscles. One patient, a 30 year old man in whom the overall EMG picture was suggestive of spinal muscular atrophy, had abnormally brief intervals in BB. The measurements of mean amplitude proved even less satisfactory for detecting denervation, being abnormally large in only one BB and in none of the VM muscles. Abnormally small potentials were recorded in one patient, a 58 year old man with a predominantly axonal type of polyneuropathy of recent onset; the clinical diagnosis of neuropathy was supported by other EMG evidence and by the sensory nerve conduction results. When the mean results for the VM muscles of the patients were pooled, the overall means for each of the four parameters were not significantly different from the corresponding control means. In contrast, the mean duration and mean number of phases of the pooled data for the BB muscles were significantly increased (Table 2) . When the pooled results for the group of patients with motoneuron disease were considered separately, the mean values for each of the parameters in the VM muscles did not differ significantly from those of controls. For the BB muscles within the same group, the mean duration and mean intervals were significantly prolonged (Table 2) . Table 3 summarizes the diagnostic usefulness of the ANOPS analysis by showing the incidence of BB and VM muscles which could be recognized as abnormal when all four MAP parameters were considered together.
DISCUSSION
The ANOPS-101 computer proved easy to use and the EMG examination of a muscle was usually completed in less than 10 minutes, including the time required for plotting out the frequency histograms and for calculating the mean and standard deviation for each of the four MAP parameters. Of the control results, those which can be most readily compared with previously published values are the measurements of duration. The mean values of 7.42 and 8.60 ms for BB and VM respectively are both about one third less the values obtained by Buchthal (1957) for adults of comparable ages. There are at least three factors which will have contributed to this discrepancy. One is the ANOPS computer itself, since the incorporation of a low frequency filter would effectively shorten measurements of duration for those potentials with slow onsets or terminations. A second factor is that the duration of a potential is not measured from the base line but from a 20 MV detection level. Finally, the apparent duration of a normal potential increases with its a m p l i t u d e ( s e e K o p e c a n d Hausmanowa-Petrusewicz, 1976) and in the present study no attempt was made to manipulate the electrode tip until the maximum amplitude of a potential had been reached. This policy was adopted to avoid the possibility of inadvertently biasing the recording towards the type of EMG activity which would have been anticipated on the basis of the clinical diagnosis. In this respect our technique differs from that of Kopec and HausmanowaPetrusewicz (1976) and of the C o p e n h a g e n g r o u p of electromyographers (e.g. FuglsangFrederiksen and Mansson, 1975) who have sought optimal electrode positions for their analyses. Turning to the pathological material, the c o m p u t e r proved able to demonstrate that more than half of the MAP parameters measured in myopathic BB muscles were abnormal (35 abnormalities in 64 observations). The corresponding yield for VM was much lower, comprising only 13 abnormalities in 52 observations; this difference between the two muscles was statistically significant (P = <.01). In keeping with conventional interpretation of the EMG, the MAPs in the myopathic patients tended to be smaller and briefer than normal. A point of disagreement was that the mean number of phases were sometimes significantly reduced, since many of the small brief potentials were virtually monophasic with very small additional components. Also in conflict with interpretative theory was the finding of reduced interference pattern densities in some of the muscles. This finding, if considered in isolation, would have caused confusion by suggesting the presence of denervation. If the interference pattern density results were excluded, 14 of the 16 BB muscles could be identified as myopathic on the basis of one or more of the three remaining parameters being abnormal; for VM the corresponding yield was 7 out of 13 muscles (Table 3 ).
The present results may be compared with those of FuglsangFrederiksen, Scheel and Buchthal (1976) who used the automatic system of Rose and Willison (1967) to count the numbers and amplitudes of potential reversals (turns) in the interference pattern. These authors examined BB muscles in 41 patients of whom 26 had muscular dystrophy. Unlike the present study, in which maximal contractions were used for analysis of the interference patterns, that of FuglsangFrederiksen et al (1976) required patients to generate forces which were 30 percent maximal. These authors found that the most satisfactory index of abnormality was an increase in the ratio of turns frequency to mean amplitude; this measurement enabled 71 percent of the patients to be identified as having myopathies. Willison (1964) , performing the same type of analysis from photographic records, also found increases in turns frequency in most patients with myopathies.
It is interesting that FuglsangFrederiksen et al (1976) , like ourselves, observed that the density of the interference pattern, as given by the turns frequency, was reduced in a proportion of the patients with myopathic disorders. Fuglsang-Frederiksen et al attributed this finding to severe losses of muscle fibers resulting in the total destruction of motor units. Such an interpretation would be in keeping with the finding of reduced counts of motor units in dystrophy by McComas, Sica and Campbell (1971) who used an incremental stimulating technique. The present results differ sharply from those of Fuglsang-Frederiksen et al in that the amplitudes of the MAPs were commonly reduced in the former study but not in the latter. While it is true that we did not measure the amplitudes of single MAPs, the finding of a low mean amplitude of the turns in the interference pattern, together with a normal or reduced density (a combination also encountered by FuglsangFrederiksen et al), is most readily interpreted in terms of small individual MAPs. In the present study, the MAPs in some myopathic patients were so small that increased amplification was necessary for measurement of the durations and phases (see Methods).
The results of testing muscles in patients with neuropathies were much less satisfactory. Of the 21 VM muscles studied, only 4 yielded one or more normal parameters. While the severity of denervation in patients with clinical and radiological evidence of lumbar root disease is open to question, it should be noted the 6 of the 8 patients with quite advanced motoneuron disease yielded normal results in VM. Examinations of BB muscles in these patients was more productive since 15 of 23 muscles could be recognized as abnormal. In 12 of the abnormal BB muscles, the mean duration exceeded the control range and in 9 muscles the mean number of phases was increased.
Investigation of the interference pattern, either for density or for amplitude, was much less useful. In this last respect our findings differ from those obtained by Hayward and Willison (1973, 1977) who, in a careful quantitative study, found approximately half of their patients with motoneuron disease to have VM muscles yielding mean turn amplitudes outside the control range. The difference may lie in the fact that these authors required their subjects to generate isometric tensions which were approximately 20% of the maximum value for controls. In the present study, the use of stronger contractions would have recruited those high threshold motor units in the control muscles with sizes comparable to the large motor units found in chronic neuropathies. Thus in BB and VM muscles of controls, the mean amplitudes measured from the interference pattern are more than twice as large in the present study as in those of Hayward and Willison, even though we have included deflections as small as 50 #iV for measurement (as opposed to the 100 MV limit of Hayward and Willison). Results were also obtained using 100 MV as the lower limit (decision level) but have not been plotted in the figures; the mean amplitudes were approximately half as large again as those measured for a decision level of 50 MV. Fuglsang-Frederiksen, Scheel and Buchthal (1977) have also studied chronic partial denervation using turns analysis; as in their investigation of myopathies (Fuglsang-Frederiksen et al, 1976) these authors required their patients to exert forces which were 30 percent maximal. Unlike Hayward and Willison (1973, 1977) , FuglsangFrederiksen et al (1977) found that a reduction in turns frequency was the most sensitive indication of denervation, being present in 70% of their patients. Turns amplitudes were less commonly elevated, but were sometimes present in patients with normal turns frequencies. In analysing possible mechanisms for their results, Fuglsang-Frederiksen (1977) cooled normal biceps muscles; it may be pointed out that the authors do not appear to have taken into consideration the reduction in tetanus fusion frequency which would have occurred at the lower temperatures.
In relation to the usefulness of the ANOPS system, it is possible that a higher yield of abnormalities in patients with denervation would have been achieved if measurements of amplitude had been made of single MAPs during weak voluntary contraction rather than of the turns in the interference pattern (see also Kopec and HausmanowaPetrusewicz, 1976 ). An additional analysis of this kind would have meant either repeating the electrode insertions in each muscle or alternatively replaying the activity recorded on magnetic tape during weak contraction through the amplitude mode as well as through the duration and phases mode. Although either procedure would have reduced the speed and convenience of the analytical technique, it may prove necessary for one of these to be included in a future protocol. It should be emphasized that although the detection of abnormal muscles is improved by combining the results for the four MAP parameters (see Table 3 ), the likelihood of false positive results is raised fourfold; this aspect is discussed by McComas and Sica (1978) .
A final point, of some practical consequence, is that the BB muscle emerged in the study as being more likely to show abnormality than the VM in b o t h m y o p a t h i c and neuropathic disorders.
